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 An optimal sizing method is developed for a hybrid PV/diesel/ESS ship power system.
 The output of PV along a navigation route is explored for the ship power system.
 Five operating conditions of the load in the ship power system are modeled.
 The impact of various prices of PV on cost is studied.a r t i c l e i n f o
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Owing to the strict restrictions imposed by the Marine Pollution Protocol and the rapid development of
renewable energy, the use of solar generation and energy storage systems in ship power systems has
been increasingly attracting attention. However, the improper sizing of a hybrid power generation
system in a ship power system will result in a high investment cost and increased greenhouse gas
emission. This paper proposes a method for determining the optimal size of the photovoltaic (PV)
generation system, the diesel generator and the energy storage system in a stand-alone ship power
system that minimizes the investment cost, fuel cost and the CO2 emissions. The power generation
from PV modules on a ship relies on the date, local time, time zone, longitude and latitude along a
navigation route and is different from the conditions of power systems on land. Thus, a method, which
takes the seasonal and geographical variation of solar irradiations and temperatures along the route
from Dalian in China to Aden in Yemen into account, for correcting the output of PV modules is
developed in this paper. The proposed method considers five conditions along the navigation route
to model the total ship load. Four cases are studied in details to demonstrate the applicability of the
proposed algorithm.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As the amount of greenhouse gas that is produced by the ship
systems increases, the International Convention for the Prevention
of Pollution from Ships (MARPOL) [1] recently has made the claim
that the ships must find a new way to reduce their collective emis-
sions of greenhouse gas. Serious environmental pollution and the
low energy efficiency of traditional ship systems whose power is
supplied only by diesel generators can be mitigated by properly
integrating renewable energy. Recently, photovoltaic (PV) energyhas been introduced into ship power systems to reduce their
greenhouse gas emissions, improve energy efficiency and reinforce
the ship power system stability. However, the use of too much
solar energy may increase investment cost and make the power
system unstable owing to the uncertainty associated with solar
power [2,3]. Additionally, a wide range of investigations [4–9] have
found that the use of an energy storage system (ESS) is one of the
most effective solutions for ensuring the reliability and power
quality of power systems and favors the increased penetration of
distributed generation resources. Some studies [10,11] have
demonstrated that an optimal management of ESS with distributed
generators in power systems can shave the peak load, decrease the
cost of updating the power system and reduce negative impact on
the environment.
A ship power system with PV and ESS can be regarded as a
special mobile and islanded microgrid. Previous studies have
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lithium-ion battery in conjunction with diesel generations has
been explored for ship crane operations in [14]. To maximize fuel
savings, battery storage systems have been utilized in converting
the bulk carriers to all-electric ships in [15]. Other works have
elucidated various control strategies to prolong the battery life
and reduce fuel consumption [13,16,17].
Many works related to hybrid PV/diesel systems in electrical
power systems with ESS on land have been published in
[18–24]. In particular, the economic and environmental merits
of a hybrid PV/diesel system with flywheel energy storage have
been analyzed in [22]. An optimal design for a standalone
wind/PV/diesel hybrid system under uncertainties of renewable
energy has been proposed to minimize the levelized cost of
energy and maximize reliability [23]. An optimal unit sizing
method for a stand-alone microgrid has also been proposed
[24].
To the best of the authors’ knowledge, the hybrid PV/diesel/
battery ship power system has not been extensively discussed
[25–27]. In [25], the PV system applied to merchant marine
vessels has been discussed to reduce the fuel cost. A stability
assessment and economic analysis of a hybrid PV/diesel ship
system has been studied in [26]. The authors in [27] have pro-
posed a preliminary analysis to reduce the emission of electrical
ship at berth. In addition, the integration of a significant
amount of PV power into a ship power system to reduce CO2
emission is challenging. The PV power generation in a ship
power system depends on its position in the ocean. Previous
studies [28–34] on the use of PV systems have considered the
date, local time, time zone, longitude and latitude to formulate
the power generated by PV on a moving shipboard. In [28], the
optimal sizing of hybrid PV/battery/diesel power system was
proposed, taking into account various tilt angles of PV panels.
Owing to the strong dependency of the performance and rating
of a solar-based system on climatic conditions [29], parameters
such as date, local time, longitude and latitude were considered
and corrections for the output of PV modules were made for
different locations. The authors in [30] have proposed the
optimal design for hybrid PV/wind system which considered
various environmental conditions. Particle swarm optimization
was used in [31] to optimize a hybrid system that included
PV panels, wind turbine, diesel generator, batteries, fuel cell,
electrolyzer, and hydrogen tank. A detailed PV system model
has been established and optimized in [32,33], which took
actual environmental conditions and uncertain operating
situations into consideration. A method has been developed in
[34] to estimate the global tilted irradiance which considered
temperature and solar spectrum distribution.
This paper presents a novel method for optimally sizing a
hybrid PV/diesel/ESS in a standalone ship power system for a
typical navigation route from Dalian in China to Aden in
Yemen. Specifically, this work proposes an approach to
generating power from PV arrays on the shipboard along
that route. Variations of the load under five conditions are
modeled; these are regular cruising, full-speed sailing, docking,
loading/unloading and anchoring. For economic analysis,
Multi-Objective Particle Swarm Optimization (MOPSO) is used
to determine the optimal sizes of various sources of power
and to minimize CO2 emissions.
The rest of this paper is organized as follows: Section 2 models
the hybrid ship power system. Section 3 formulates the problem.
Section 4 proposes solution method. Section 5 describes four case
studies to verify the proposed algorithm and Section 6 draws
conclusions.2. Mathematical model of hybrid ship power system
2.1. Difference between standalone power systems on land and hybrid
ship power systems
The studied problem related to the generation expansion plan-
ning in ship power systems differs considerably from that in stan-
dalone power systems on land. The details are described as follows.
(1) The standalone power system on land is still; however, a
ship power system usually operates in a mobile mode.
(2) The PV array receives fixed irradiations in the standalone
power system on land. The irradiation on a sailing ship
changes continuously even though the magnitude of solar
radiation is fixed. That’s, the irradiation in the ship power
system also relies on the longitude and latitude, in addition
to the date and time.
(3) The load changes continuously in the standalone power sys-
tem on land. However, the total load varies with some oper-
ating conditions (regular cruising, full-speed sailing,
docking, load/unloading and anchoring) in a ship. Please
note that the steam engine of an oil tanker ship is used to
drive ship propellers, which are independent from the oil
tanker ship power system.
(4) The angle of incidence on the PV array in the standalone
power system on land is fixed at a moment; however, fluc-
tuations of the ship result in changes of angle of incidence.
(5) The crashing of sea water onto the deck in a ship power sys-
tem has impacts on the efficiency of PV modules. This phe-
nomenon does not occur in the PV module on land.
(6) It is not necessary to ensure that loss of load probability
(LOLP) is zero in the standalone power system on land; how-
ever, the LOLP in a ship power system must be zero.
To simplify the studies, the above descriptions (4) and (5) will
not be addressed in this work.2.2. Problem description
The focus of this work is to optimize the size of a hybrid PV/die-
sel/ESS system in a ship power system which is based on the pro-
ject named ‘‘Study on the Application of Photovoltaic Technology
in the Oil Tanker Ship” in China [35]. The detailed parameters of
this oil tanker are that the length, width, and height are
332.95 m, 60 m and 30.5 m, respectively. The total area for PV
array installation is 2000 m2. The deadweight of this oil tanker is
100,000 tons.
This study analyzes the cost and emissions of a hybrid PV/die-
sel/ESS power system in an oil tanker ship which is presented in
Fig. 1. The system consists of a generating PV array, a diesel gener-
ator to supply the main power and an ESS to store excess energy
and improve the reliability of the system. The diesel generator
must be able to supply the whole load all the time since the ship’s
power system always operates in stand-alone mode.
Navigating the ship route in Fig. 2 from Dalian in China to Aden
in Yemen takes 20 days. The oil tanker sails four times annually.
Specifically, the ship sets sail at 8:00 am on January 1st, April 1st,
July 1st and October 1st separately from Dalian and returns on Jan-
uary 25th, April 25th, July 25th and October 25th respectively from
Aden. Consequently, the optimization involves 3840 h in a year
and the irradiation, temperature and the load profile are sampled
every hour. The impacts of fluctuations of the ship and the crashing
of sea water onto the deck on PV arrays are not taken into account.
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Fig. 1. Hybrid ship power system.
Fig. 2. Route map.
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2.3.1. PV system
Solar irradiation varies with the position of the ship, the date
and the time, as the oil tanker sails along the route. The original
data on global horizontal irradiation and ambient temperature
were obtained from seven meteorological sites owned by the Geo-
Model Solar Company [36]. These data, which are sampled every
hour, are allocated to different hours according to when and where
the ship sails along the route. Consequently, the power that is gen-
erated by the PV arrays on board can be estimated by the hourly
data that are the date, local time, time zone, longitude, latitude
and environmental temperature. Furthermore, various actual envi-
ronmental conditions are taken into account to improve the accu-
racy of the proposed method. In this paper, a mathematical model
for estimating the power output of PV modules is considered andthe output power of each PV system at time t (t = 1, 2, . . ., 960)
in season s (s = 1, 2, 3, 4) is obtained from the solar radiation using
the following formula.
PPVðs;tÞ ¼ gpv  Apv  Gðs;tÞ ð1Þ
where gpv is the instantaneous PV generator efficiency, Apv is the
area of modules used in the PV system (m2) and G(s,t) is the hourly
total solar radiance (W/m2).
The instantaneous PV generator efficiency is given by the fol-
lowing equation [37].
gpv ¼ gpv ref  gMPPT ½1 bðTc  Tc-ref Þ ð2Þ
where gpv_ref is the PV generator reference efficiency; gMPPT is the
efficiency of power tracking equipment, which is 1 in this paper;
Tc is the temperature of the PV cell (C); Tc-ref is the PV cell reference
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temperature coefficient of efficiency, which ranges from 0.004 to
0.006 per C for silicon cells and is set to 0.0048 herein.
Based on the PV model that was proposed by Markvar [38], the
PV cell temperature Tc can be expressed as follows.
Tc ¼ Ta þ ½ðNCOT  20Þ=800Gðs;tÞ ð3Þ
where the normal operating cell temperature (NCOT) is defined as
45 C and Ta is the ambient temperature (C), which is assumed to
be 25 C in this study.
Solar irradiation plays an essential role in a hybrid ship power
system. This work proposes a modification of the hourly total solar
radiance on board, which is shown as follows.
Gðs;tÞ ¼ Gbðs;tÞ þ Gdðs;tÞ þ Grðs;tÞ
¼ Gb;nðs;tÞ cosðhÞ þ cos2 /2
 
sinðvÞ þ qðcosvþ CÞsin2 /
2
  
ð4Þ
where Gb(s,t), Gd(s,t), Gr(s,t), and Gb,n(s,t) denote the direct radiation, sky
diffuse radiation, ground reflected radiation, and direct normal irra-
diance on a surface perpendicular to the sun’s rays, respectively.
The variables C, q and v represent the diffuse portion constant,
the reflection index and the zenith angle, respectively. The variable
h is the angle between the board and the solar rays and is calculated
using Eq. (5).
cosh ¼ ½cos/cosvþ sin/sinvcosðn fÞ ð5Þ
where / is defined as the tilt angle from the horizontal surface.
Since the PV array on the shipboard is horizontal, / is a constant
0. n and f are the sun azimuth and plate azimuth angles, respec-
tively. Eq. (6) is used to calculate the sun zenith and azimuth angles
[39]:
cosh ¼ cosv ¼ sindsinkþ cosdcoskcosa ð6Þ
where d is the solar declination angle, which is calculated by Eq. (7);
k is the latitude in degrees and a is the solar angle which is deter-
mined using Eqs. (8)–(13).
d ¼ 23:44sin 360 d 80
365:25
  
ð7Þ
a ¼ 360
24
ðLST  12Þ ð8Þ
LST ¼ LT þ TC=60 ð9Þ
TC ¼ 4ðLlocal  LSTMÞ þ EOT ð10Þ
LSTM ¼ 15  tzone ð11Þ
EOT ¼ 9:87sinð2BÞ  7:53cosðBÞ  1:5sinðBÞ ð12Þ
B ¼ 360ðd 81Þ=364 ð13Þ
where d is the number of the day (for example, on January 1st,
d = 1); LST and LT denote the local standard time and the local time,
respectively. EOT stands for ‘‘equation of time” and accounts for the
irregularity of the earth’s speed around the sun (minutes). Llocal is
local longitude (degrees East > 0 andWest < 0) and tzone is the differ-
ence between the current time zone and GMT (East > 0 and
West < 0).
Table 1 presents the PV data that are used in this study [40].Table 1
PV data.
Life time 25 yr Efficiency 17%
Cost of investment $ 1800/kW Length of a PV panel 1.66 m
Cost of replacement $ 1500/kW Width of a PV panel 0.99 m2.3.2. Diesel generator
As a main power source in a hybrid ship power system, a diesel
generator meets the load demand in case that the total power gen-
erated by both the PV modules and the ESS is insufficient. The fuel
consumption of the diesel generator, Fd (L/h), depends on the out-
put power and is defined as [19]:
Fd ¼ a  Pd þ b  Pratedd ð14Þ
where Pratedd is the rated power; Pd is the output power of the diesel
generator, and a = 0.246 (L/h) and b = 0.0845 (L/h) are the coeffi-
cients of the consumption curve.2.3.3. Battery
Because of the intermittence of the output power of the PV sys-
tem [41], LiFePO4 battery is adopted as the ESS to regulate any
excess or deficit produced power taking the state of charge (SOC)
into account.
When the total power generated by the diesel generator and PV
modules exceeds the load, the battery bank is charged. The charg-
ing energy of the ESS at time t in season s can be obtained as
follows.
EESSðs;tÞ ¼ EESSðs;t1Þ þ ðEdieselðs;tÞ þ EPVðs;tÞ  Eloadðs;tÞÞ  gch
¼ EESSðs;t1Þ þ DP  h  gch
ð15Þ
where EESS(s,t) and EESS(s,t1) are the charging energy of the ESS at
times t and t  1; Eload(s,t) is the load demand, and gch is the charge
efficiency of the battery bank.
On the other hand, when the load demand exceeds the available
energy generated, the battery bank is discharged, according to Eq.
(16).
EESSðs;tÞ ¼ EESSðs;t1Þ  ðEloadðs;tÞ  Edieselðs;tÞ  EPVðs;tÞÞ=gdis
¼ EESSðs;t1Þ  DP  h=gdis
ð16Þ
Table 2 presents the parameters of the LiFePO4 battery [42].2.3.4. Load
The characteristics of the load profile are critical in planning a
reliable hybrid ship power system. Fig. 3 presents the total load
in five operating situations of the oil tanker, which are specified
in detail in Table 3. Specifically, the five different load conditions
are 1580 kW, 1790 kW, 1650 kW, 1290 kW and 500 kW that corre-
spond to regular cruising, full-speed sailing, docking, loading/
unloading and anchoring, respectively. Furthermore, the ship stops
in 6 cities that are Dalian (China), Shanghai (China), Hong Kong
(China), Singapore, Matara (Sri Lanka), and Aden (Yemen) for trad-
ing and maintenance. When the ship sails on the ocean, it is always
at full speed; when it sails in the Strait of Malacca, the ship is in its
regular cruising mode.
The peak load is 1790 kW when the ship is at full speed and the
off-peak load which is 500 kW, pertains when the ship is at anchor.
Fig. 4 plots the hourly load profile along the route, which are
attained by [35].Table 2
Battery data (LiFePO4 battery).
Life time 5 yr
Charge efficiency 85%
Discharge efficiency 100%
Cost of investment $ 42/kW h
Cost of replacement $ 42/kW h
Regula cruising Full speed sailing Docking Loading and unloading Anchoring
0
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1400
1600
1800
Ship operating situation
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ad
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W
)
Fig. 3. Five different load conditions.
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3.1. Objective function
Based on the above description, the objective of the studied
problem is to minimize the investment and operating costs of
the ship’s power system and the emissions from the diesel gener-
ators, while satisfying the operational constraints. More specifi-
cally, the number of control variables for this multi-objective
problem is 3842, which contains the diesel generator outputs for
3840 h, an optimal PV size and a capacity of ESS. The multi-
objective functions are as follows (17).
min f 1 ¼ Costfuel þ CostPV  CRFPV þ CostESS  CRFESS
min f 2 ¼ Emissioni ¼
X4
s¼1
X960
t¼1
ECOx ðPGjÞ ¼
X4
s¼1
X960
t¼1
Emfuel  ða  Pdðs;tÞ þ b  Pratedd Þ
9>=
>;
ð17Þ
The total cost is composed of fuel cost and the costs of installa-
tion and replacement of PV and ESS, specified as net present values.
These costs are defined as follows.
Costfuel ¼
X4
s¼1
X960
t¼1
Pricefuel  ða  Pdðs;tÞ þ b  Pratedd Þ
CostPV ¼ ðCPVcapital þ CPVreplacementÞ  PPV
CostESS ¼ ðCESScapital þ CESSreplacementÞ  Eess
8>>><
>>>:
ð18ÞTable 3
Duration associated with load conditions.
Dalian in China Shanghai in China Hong K
Docking 2 h 2 h 2 h
Loading and unloading 6 h 8 h 14 h
Anchoring 4 h 0 h 4 h
Fig. 4. Ship load profile alwhere Pricefuel is the fuel price (0.709 $/L); C
PV
capital, C
PV
replacement , C
ESS
capital
and CESSreplacement denote the installation and replacement prices for
PV and the LiFePO4 battery; PPV is the size of PV (kW) and Eess is
the capacity of the LiFePO4 battery.
In order to convert the initial cost to an annual capital cost, the
capital recovery factor (CRF), defined by Eq. (19) is applied.
CRF ¼ rð1þ rÞ
y
ð1þ rÞ y  1 ð19Þ
where r is the interest rate and y denotes the life span of the PV
model or ESS.
3.2. Constraints
For a hybrid PV/diesel/ESS ship power system, the following
operational constraints should be satisfied.
Pdmin 6 Pdðs;tÞ 6 Pdmax ð20Þ
PPVðs;tÞ 6 PPV 6 PPVmax ð21Þ
EESSðs;tÞ 6 EESS 6 EESSmax ð22Þ
where Pd(s,t), PPV(s,t), EESS(s,t) represent the outputs of the diesel gen-
erator, PV and ESS respectively, at time t in season s.
Furthermore, the active power should be balanced at time t in
season s as follows.
Pdðs;tÞ þ PPVðs;tÞ þ PESSðs;tÞ ¼ PLoadðs;tÞ ð23Þ
where PLoad(s,t) is the load demand at time t in season s.
4. Methodology
Since the optimal sizing problem is formulated as a constrained
nonlinear optimization problem, Multi-Objective Particle Swarm
Optimization (MOPSO) combined with elitist non-dominated sort-
ing genetic algorithm (NSGA-II) [43] is utilized in this paper to
solve the multi-objective optimization problem.
PSO is a heuristic optimization technique first developed in
1995 by Kennedy and Eberhart [44–46]. Its underlying idea is that
a population of individuals called a swarm of particles is randomly
generated. Each particle, representing a potential solution to the
optimization problem, flies through an n-dimensional search space
at a random velocity, and updates its position based on its own
best exploration, best swarm global experience, and its previous
velocity vector, using the following equations.ong in China Singapore Matara in Sri Lanka Aden in Yemen
2 h 2 h 2 h
12 h 7 h 6 h
5 h 6 h 4 h
ong route of interest.
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xkþ1i ¼ xki þ vkþ1i
)
ð24Þ
where w is the inertia weight; c1 and c2 are acceleration constants;
r1 and r2 are two random numbers within [0, 1]; pbest
k
i is the best
historic position of particle i based on its own experience,
pkbest i ¼ ½xpbesti1 ; xpbesti2 ; . . . ; xpbestiN  and gbestk is the best particle position
based on experience history of the entire swarm,
gkbest ¼ ½xgbest1 ; xgbest2 ; . . . ; xgbestN .
To improve the algorithmic performance, a linearly decreasing
inertia weight from maximum wmax value to wmin is applied to
update the inertia weight [47]:
wk ¼ wmax wmax wminkmax  k ð25Þ
where wmax and wmin are the initial and final inertia weights, and
kmax is the maximum number of iterations.
The MOPSO algorithm integrated with NSGA-II starts with a
random population of N particles for initializing the diesel genera-
tors’ output power Pd(s,t) for 3840 h, the size of PV PPV, and the
capacity of the battery Eess. A random swarm of particles consider-
ing constrains and corresponding velocity for each particle is ini-
tialized. Each particle is evaluated by multi-objective functions,
and recalls its best positions associated with the best fitness value.
The values of pbest and gbest are determined and preserved; then,
if the algorithm has not yet found the minimum cost and emission,
the position and velocity of each particle are continuously updated.Randomly generate N particles 
within constraints
Iteration=Iterraion+1
Randomly initialize a velocity vector 
for each particle and initialize Pbest 
and Gbest
Evaluate the fitness value of each 
particle 
Check for pbest and gbest
Yes
Update Pbest and Gbest
Sort the individual by NSGA-II 
Select the best solution as the final 
result
No
According to the navigation route,
modify the solar irradiation
Calculate the total load for five 
operating situations 
Minimum cost and 
emission
Check constraints for each particle 
Fig. 5. Flowchart of proposed method.Then, all the particles are sorted by NSGA-II to select the best solu-
tion from the Pareto frontiers. The flowchart in Fig. 5 illustrates the
proposed MOPSO methodology.5. Simulation result and discussion
5.1. Correction coefficient for PV module
Owing to the significant effect of solar radiation on the optimal
sizing problem, this paper analyzes the correction coefficient
(cosh) of the PV module with respect to parameters that appear
in Eqs. (4)–(13). The correction coefficient in four seasons is pre-
sented in Fig. 6.
As seen in Fig. 6, the correction coefficients in the summer (July
to September) are much larger than those in the other three sea-
sons indicating that the irradiation in the summer has a great
impact on the output of the PV arrays. More specifically, the cor-
rection coefficient reaches its maximum value at 12:00 on July
4th at E 118. 492, N 118. 492.
5.2. Sensitivity analysis
Five parameters – date, local time, time zone, longitude and lat-
itude importantly affect the radiation of the PV modules. Following
the calculation of the correction coefficient, Eq. (26) is used to ana-
lyze the sensitivity of the correction coefficient.
s ¼ DG=Dp ð26Þ
where s is the sensitivity; DG is the variation of solar irradiation,
and Dp is the variation of a parameter of interest.
The maximum correction coefficient is taken as an example for
sensitivity analysis and the result is shown in Table 4. The sensitiv-
ity of correction coefficient is calculated through perturbing each
parameter by one unit. As a consequence, it is the local time and
time zone that have the largest influence on the output of the PV
system. Specifically, the correction coefficient is reduced by
0.019138 as the local time is increased by one unit and the correc-
tion coefficient is reduced by 0.038419 as the local time is
decreased by one unit.
The hourly solar irradiation along the route from Dalian in
China to Aden in Yemen, based on data from the GeoModel Solar
Company [36], is modified using the method that was discussed
in Section 2, yielding data that are presented in Fig. 7.
It can be seen from Fig. 7 that the solar radiation reaches its
highest value on April 19th when the ship sails in the Gulf of Aden
(57.296 E, 12.143 N) and Fig. 8 presents the solar radiation on
that day.
5.3. Economic analysis
The impacts of the integration of solar power into a ship’s
power system, different loading conditions, and energy storage
systems are studied to demonstrate the effectiveness of the pro-
posed MOPSO method.
Case 1: A cost study considering the diesel generator only.
Case 2: A cost only considering the diesel generator and PV
array only.
Case 3: An optimal cost study considering the diesel generator,
PV and ESS.
Case 4: Multi-objective optimization considering costs of diesel
generator, PV, ESS and CO2 emissions.
Table 5 presents the total costs of the ship system and emis-
sions in Case 1, Case 2, Case 3, and Case 4.
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Fig. 6. Correction coefficients in four seasons.
Table 4
Sensitivity of maximum correction coefficient to different parameters.
Variation Julian days Local time Time zone Altitude Longitude
+1 5.19E05 0.019138 0.038419 3.67E04 5.21E04
1 4.8E05 0.038419 0.019138 6.29E05 7.79E04
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Fig. 7. Modified solar irradiation along the route.
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Fig. 8. Maximum solar radiation on April 19th.
Table 5
Net present cost and emission in four cases.
Case 1 Case 2 Case 3 Case 4
PV size (kW) 0 306 150 298
ESS capacity (kW h) 0 0 181 113
Total NPC ($) 1,575,700 1,615,200 1,571,000 1,200,828
Fuel cost ($) 1,575,700 1543400 1533400 1,126,600
PV installation cost ($) 0 39,145 19,131 38,109
PV replacement cost ($) 0 32,621 15,943 31,758
ESS installation cost ($) 0 0 732 457
ESS replacement cost ($) 0 0 1755 1096
Emission (kg) 22,192,000 6,857,100 6,812,900 5,005,990
Total diesel output
(kW h)
6,396,176 6,211,010 6,156,300 3,822,100
32 H. Lan et al. / Applied Energy 158 (2015) 26–34From Table 5, it can be found that (a) the total diesel output
power is reduced with the application of solar energy and battery
and (b) the emissions are reduced from 22,192,000 kg in Case 1 to
5,005,990 kg in Case 4. In Case 1, the total load demand is supplied
by diesel generators only so that the cost is high and the problem
of emissions is serious. Even though the ship’s power system
includes PV generation, Case 2 is associated with the highest total
system cost ($1,615,200), implying that the ESS is required in ship
power system and optimization method must be performed. Nota-
bly, when the LiFePO4 battery and MOPSO algorithm are used, the
system cost and the total fuel cost are the lowest in Case 4, being
$1,200,828 and $1,126,600, respectively. The fuel cost is estimated
by the oil price (0.709 $/L) and the fuel cost equation in Eq. (18) by
considering the total output 3,822,100 kW h of diesel generator in
one year (160 days or 3840 h). The total fuel cost in the hybrid ship
system is reduced dramatically which is 28.5% reduction with
respect to that in Case 1. This result demonstrates that the size
of the PV generation and the capacity of the LiFePO4 battery
selected by the proposed MOPSO algorithm are much better than
in the other cases. Furthermore, even though the total size of PVgeneration in Case 4 is 148 kW more than in Case 3, the total sys-
tem cost and CO2 emissions are lower.
The PV system with a capacity of 298 kW in Case 4 needs
1939.21 m2 estimated using the data in Table 1. The required area
is smaller than the maximum limit 2000 m2.5.4. Impact of price of PV on cost
The price of PV importantly affects the cost of a ship’s power
system and the planning strategy that will be developed by
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Fig. 9. Total cost and PV capacity for various prices of PV.
H. Lan et al. / Applied Energy 158 (2015) 26–34 33decision-makers, because the price of PV affects net present cost
and the size of the ESS. Fig. 9 shows that when the price of PV falls
from $2160/kW to $1440/kW, the total net present cost of the
whole system decreases from $12,006,649 to $1,184,465 and the
total installed size of PV increases from 234 kW to 309 kW.6. Conclusion
In this paper, a novel methodology is proposed to find the opti-
mal size of hybrid PV/diesel/ESS generators in a ship’s power sys-
tem. Hourly loads are modeled with five operation conditions,
which are regular cruising, full-speed sailing, docking, load/
unloading and anchoring. A navigation route from Dalian in China
to Aden in Yemen serves a route for decision makers considering
four different seasons to allocate the sizes of PV and ESS herein.
The MOPSO algorithm integrated with NSGA-II is developed to
search the best sizes for the PV system and ESS and to optimize
the outputs of the diesel generator for reducing the total cost
and emission. The simulation results show that the acquired net
present cost of hybrid PV/diesel/ESS power generation is less than
that of PV/diesel power generation. Some findings can be attained
as follows: (i) the local time and time zone that have the largest
influence on the correction coefficient for PV generation in a ship
power system; (ii) the irradiation has a great impact on the PV gen-
eration on the shipboard in the summer than in other seasons; (iii)
as the price of PV panels falls, the ship’s power system can incorpo-
rate more solar generation. The proposed method can be enhanced
to study other mobile microgrids such as container ship and high-
speed train.
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